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We report the first results from the GammeV search for chameleon particles, which may be created
via photon-photon interactions within a strong magnetic field. Chameleons are hypothesized scalar
fields that could explain the dark energy problem. We implement a novel technique to create and
trap the reflective particles within a jar and to detect them later via their afterglow as they slowly
convert back into photons. These measurements provide the first experimental constraints on the
couplings of chameleons to photons.
PACS numbers: 12.20.Fv, 14.70.Bh, 14.80.Mz, 95.36.+x
Introduction: Recent cosmological observations have
demonstrated with increasing significance the existence
of cosmic acceleration, usually attributed to a negative
pressure substance known as “dark energy” [1, 2, 3]. A
major effort is under way to discover the properties of
dark energy, including its couplings to Standard Model
fields.
Perhaps the greatest obstacle to solving this problem
lies in the techniques used to probe dark energy. Specifi-
cally, our inference of the properties of dark energy have
so far come only from observational cosmology data.
While the results so far are striking, these techniques
are limited in that there are very few, if any, techniques
available to separate between different theoretical models
of dark energy. This is compounded by the extraordinary
difficulty in measuring with enough precision the equa-
tion of state parameter w, and its variation in time.
In this Letter we will illustrate for the first time how
dark energy models may be tested in the laboratory. Un-
less protected by a symmetry, the dark energy particle
should be coupled to all other forms of matter by quan-
tum corrections. Such couplings can lead to Equivalence
Principle violations [4], fifth forces [5], variations in Stan-
dard Model parameters such as the fine structure con-
stant, and unexpected interactions between known parti-
cles. The chameleon mechanism [6, 7], by which a matter
coupling and a nonlinear self interaction conspire to give
a field an environment-dependent effective mass, resolves
these issues, while providing a candidate for dark energy.
Crucially, chameleon fields can have small masses on cos-
mological scales, while acquiring large masses locally in
order to evade fifth force searches [6, 7, 8, 9, 10, 11] while
also causing the accelerated expansion observed today.
Chameleon dark energy is perhaps most compelling be-
cause the very nature of chameleon interactions, if they
exist, makes it possible for us to observe them and mea-
sure their properties in a diverse array of laboratory tests
and space tests of gravity [6, 7, 12].
Chameleons can couple strongly to all matter parti-
cles with no violations of known physics. Chameleons
may also couple to photons via φF 2 type terms where
Fµν is the electromagnetic field strength tensor. Such
a coupling allows photon - chameleon oscillations in the
presence of an external magnetic field. The chameleon
mechanism ensures that a chameleon with large couplings
to matter will become massive inside typical laboratory
materials. A chameleon may be trapped inside a “jar” if
its total energy is less than its effective mass within the
material of the walls of the jar. In this case, the walls
reflect the incoming chameleons. Chameleons produced
from photon oscillations in an optically transparent jar
can then be confined until they regenerate photons, which
emerge as an afterglow once the original photon source is
turned off [13, 14, 15]. The GammeV experiment in its
second incarnation is designed to search for such an after-
glow and to measure or constrain the possible coupling
of meV mass chameleons to photons. Probing this low
scale in a way complimentary to astrophysics may be the
key to understanding the (meV)4 dark energy density.
Chameleon phenomenology: A chameleon scalar field
φ coupled to matter and photons has an action of the
form [8]
S =
∫
d4x
(
−
1
2
∂µφ∂
µφ− V (φ)−
eφ/Mγ
4
FµνFµν
+ Lm(e
2φ/Mmgµν , ψ
i
m)
)
(1)
where gµν is the metric, V (φ) is the chameleon potential,
and Lm is the Lagrangian for matter.
For simplicity, we consider a universal coupling to mat-
ter βm = MPl/Mm, where MPl = 2.4 × 10
18 GeV is the
reduced Planck mass andMm is the mass scale associated
with the coupling descending from the theory. Theories
with large extra dimensions allow matter couplings βm
much stronger than gravity, while a rough upper bound
of βm . 10
16 is obtained from particle colliders [16, 17],
corresponding toMm > 100 GeV. We allow for a different
coupling to electromagnetism, βγ = MPl/Mγ , through
the electromagnetic field strength tensor Fµν . This
2FIG. 1: The GammeV apparatus.
term resembles the dilaton-photon coupling ∼ e−2φF 2
in string theory.
The non-trivial couplings to matter and the electro-
magnetic field induce an effective potential
Veff(φ, ~x) = V (φ)+e
βmφ/MPlρm(~x)+e
βγφ/MPlργ(~x), (2)
where we have defined the effective electromagnetic field
density ργ =
1
2 (|
~B2| − | ~E|2) (for scalars) or ργ = ~E · ~B
(for pseudoscalars) rather than the energy density. The
expectation value 〈φ〉, the minimum of Veff and thus the
effective mass of the chameleon (meff ≡
√
d2Veff/dφ2 ),
depends on the density of both background matter and
electromagnetic fields. This dependence is crucial; the
afterglow phenomenon requires that the particles have
large mass in the walls of the jar (to ensure containment)
but that they remain sufficiently light inside the jar to al-
low coherent, constructive chameleon-photon oscillations
over the dimensions of the jar. For a large range of po-
tentials, the effective mass scales with ambient density
as meff(ρ) ∝ ρ
α, for α of order unity. For example, with
power law models V (φ) ∝ φn with n > 2, or chameleon
dark energy models [8], V (φ) = Λ4 exp(Λn/φn) with
Λ = 2.3 meV and n > 0, we find 0 < α < 1. Here, n is
allowed to be any real number. As discussed below, our
limits on βγ will only be valid for models in which the
predicted density scaling is strong enough that both the
coherence condition and the containment condition can
be satisfied.
GammeV apparatus: The GammeV apparatus, de-
scribed in [18] and shown in Fig. 1, consists of a long
stainless steel cylindrical vacuum chamber inserted into
the bore of a B = 5 T, L = 6 m Tevatron dipole magnet.
The entrance and exit of the chamber are sealed with
BK7 glass vacuum windows. A 20 Hz pulsed Nd:YAG
laser emits ω = 2.33 eV photons into the chamber at a
rate of Fγ ∼ 10
19 photons/sec. The 1 cm−1 linewidth of
the laser is sufficiently large to span the discrete energy
levels of the trapped chameleons.
Interactions with the magnetic field cause each photon
to oscillate into a superposition of photon and chameleon
states. This superposition can be measured through
collisions with the windows; chameleons bounce, while
photons pass through. In order to populate the jar
with chameleons, the laser is operated continuously for
τpr ≈ 5 h. After emerging through the exit window of the
chamber, the beam is reflected back through the cham-
ber in order to increase the chameleon production rate
and facilitate monitoring of the laser power.
During the afterglow phase of the experiment, the laser
is turned off and a low noise photomultiplier tube placed
at the exit window is uncovered. Chameleons interacting
with the magnetic field convert back into photons, some
of which escape to be detected by the PMT. Data are
taken in two separate runs, with the laser polarization
either aligned with or perpendicular to the magnetic field,
to search for pseudoscalar as well as scalar chameleons.
Throughout the production and afterglow phases, a
pressure Pchamber ≈ 10
−7 Torr is maintained inside the
vacuum chamber using a turbomolecular pump con-
nected to a roughing pump. Because the low-mass
chameleons are highly relativistic inside the chamber,
the turbo pump simply acts as extra volume (0.026 m3)
for the chameleons. The positive displacement roughing
pump is however the weakest “wall” of the chamber, and
chameleons must be able to reflect on the higher pressure
Ppump = 1.9× 10
−3 Torr residual gas at the intake of the
roughing pump. The position-dependent meff acts as a
classical potential for the chameleon particle. A semi-
classical tunneling calculation indicates that chameleons
will be confined in the chamber over the duration of the
data runs (1013 reflections) if (meff − ω) > 10
−6 eV at
all boundaries of the apparatus. Also, our experiment is
only sensitive to models in which meff is sufficiently small
in the regions away from the walls to allow coherent oscil-
lations: meff ≪
√
4πω/L = 9.8×10−4 eV. Ifmeff is dom-
inated by interactions with the residual gas rather than
by interactions with the magnetic energy density, then
defining meff ≡ m0 · (P/Ppump)
α, our constraints on βγ
are valid for ω < m0 <
√
4πω/L ·(Ppump/Pchamber)
α and
hence α & 0.8 which saturates these inequalities. Since
in our apparatus, ρm ≈ ργ ≈ 2× 10
−13g/cm
3
, the exper-
iment is mainly sensitive to models in which βm ≫ βγ
which in addition predict large density scaling α.
Expected signal: In terms of the coupling βγ , andmeff
in the chamber, the chameleon production probability
[19, 20, 21] per photon is
Ppr =
4β2γB
2ω2
M2Plm
4
eff
sin2
(
m2effL
4ω
)
. (3)
A particle that has just reflected from one of the chamber
windows is in a pure chameleon state. Repeated bounces
off of imperfectly aligned windows and the chamber walls
cause chameleon momenta to become isotropic. As a
chameleon passes through the magnetic field region, it
oscillates between the photon and chameleon states. In
the small mixing angle limit, the photon amplitude ~Ψγ
due to this oscillation is given by
(
−
∂2
∂t2
− k2
)
~Ψγ =
kβγB
MPl
kˆ × (xˆ× kˆ)Ψφ, (4)
where Ψφ ≈ 1 is the chameleon amplitude, k ≈ ω is the
momentum, and kˆ and xˆ are unit vectors in the direction
of the particle momentum and the magnetic field, respec-
tively. The chameleon decay rate corresponding to a par-
ticular direction (θ, ϕ) is (|~Ψγ(θ, ϕ)|
2+Pabs(θ, ϕ))/∆t(θ)
3evaluated at the exit window, where θ is the direction
with respect to the cylinder axis, Pabs is the total prob-
ability of photon absorption in the chamber walls, and
∆t(θ) = ℓtot/ cos(θ) is the time required to traverse the
ℓtot ≈ 12.3 m chamber. We model a bounce from the
chamber wall as a partial measurement in which the pho-
ton amplitude is attenuated by a factor of f
1/2
ref , where
fref is the reflectivity. The mean decay rate Γdec per
chameleon is found by averaging over θ and ϕ. Although
the cylinder walls are not polished, a low absorptivity
1−fref = 0.1 is assumed in order to overpredict the coher-
ent build-up of photon amplitude over multiple bounces.
As described below, this overprediction of the decay rate
results in a more conservative limit on the coupling con-
stant. We obtain Γdec = 9.0× 10
−5(βγ/10
12)2 Hz.
While the laser is on, new chameleons are produced at
the rate of FγPpr and decay at the rate ofNφΓdec. After a
time τpr the laser is turned off, and the chamber contains
N
(max)
φ = FγPprΓ
−1
dec(1 − e
−Γdecτpr) chameleon particles.
For our apparatus, this saturates at 3.6 × 1012 for βγ &
1012 and small meff . The contribution to the afterglow
photon rate from non-bouncing chameleon trajectories is
Faft(t) =
ǫdetfvolfescFγPpr
2c
ℓtotΓdec
(
1− e−Γdecτpr
)
e−Γdect,
(5)
for t ≥ 0, where t = 0 is the time at which the laser is
turned off. The detector efficiency ǫdet contains the 0.92
optical transport efficiency, as well as the 0.387 quan-
tum efficiency and 0.7 collection efficiency of the PMT.
Because chameleons in the turbo pump region do not re-
generate photons, we consider only the chameleons in the
cylindrical chamber, which represents a volume fraction
fvol = 0.40 of the total population.
In order to set conservative, model-independent lim-
its, we consider only the afterglow from the fraction
fesc = 5.3 × 10
−7 of chameleons which travel the en-
tire distance ℓtot from entrance to exit windows without
colliding with the chamber walls, and are focussed by
a 2” lens onto the PMT. While many chameleons that
bounce from the walls may also produce photons which
reach the detector (indeed, most of the photons that can
reach the detector are on bouncing trajectories), such
collisions result in a model-dependent chameleon-photon
phase shift [22] which can affect the coherence of the os-
cillation on bouncing trajectories. Figure 2 shows the
prediction for the minimum afterglow signal consisting
of only the direct light, and attenuated by the fastest
possible decay rate Γdec in Eq. 5. This afterglow rate is
plotted for several values of the photon-chameleon cou-
pling βγ . Non-observation of this underpredicted rate
sets the most conservative limits.
Results: After turning the laser off, we collect after-
glow data for one hour on the PMT cathode. Table I
shows relevant data for both of the data runs including:
the total integration time during the filling stage, the to-
tal number of photons which passed through the cham-
ber, a limit on the vacuum quality (which can affect the
chameleon mass and hence the coherence length of the
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FIG. 2: Expected afterglow rate for various values of βγ . The
solid curves are for chameleons with masses of 10−4 eV while
the dotted curves are for 5 × 10−4 eV chameleons. Our ob-
servation time window for pseudoscalar chameleons is shown
shaded in yellow; the corresponding time window for scalar
chameleons is shifted to the right by about 700 sec.
oscillations), the length of the afterglow observation run,
the time gap between filling the chamber and observing
the afterglow, the mean observed trigger rate, and the
limits on βγ for coherent oscillations.
In order to minimize the effects of systematic uncer-
tainties due to fluctuations in the dark rate, we com-
pare the expected afterglow signal averaged over the en-
tire observation time to the mean signal observed by the
PMT. The dominant uncertainty in our measurements
of the afterglow rate is the systematic uncertainty in
the PMT dark rate. We estimate this quantity, using
data from [18], by averaging the count rate in each of
55 non-overlapping samples approximately one hour in
length. The dark rate, computed by averaging the sample
means, is 115 Hz, with a standard deviation of 12.0 Hz.
No excess is seen in the chameleon data runs over this
mean dark rate and all measured rates are well below
the ∼ 600 Hz maximum throughput of our data acquisi-
tion system. The systematic variation in the dark rate is
much larger than the statistical uncertainty in the indi-
vidual sample means. Thus our 3σ upper bound on the
mean afterglow rate is 36 Hz above the mean of the data
rate for each run, after the 115 Hz average dark rate has
been subtracted.
For each meff and βγ we use (5) to compute the to-
tal number of excess photons predicted within the ob-
servation time window. Figure 3 shows the regions ex-
cluded by GammeV in the (meff , βγ) parameter space
for scalar and pseudoscalar chameleon particles. At meff
near
√
4πω/L = 9.8 × 10−4 eV, our exclusion region is
limited by destructive interference in chameleon produc-
tion. At higher meff , a larger βγ is needed to produce
an equivalent non-bouncing minimum signal rate. How-
ever, for βγ & 10
13 our sensitivity diminishes because,
as shown in Fig. 2, the chameleon decay time Γ−1dec in
GammeV could be less than the few hundred seconds
required to switch on the PMT. Our constraints could
be extended to higher βγ by more quickly switching on
4TABLE I: Summary of data for both configurations.
Configuration Fill Time (s) # photons Vacuum (Torr) Observation (s) Offset (s) Mean Rate (Hz) excluded (low meff)
Pseudoscalar 18324 2.39e23 2e-7 3602 319 123 6.2e11 < βγ < 1.0e13
Scalar 19128 2.60e23 1e-7 3616 1006 101 5.0e11 < βγ < 6.4e12
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FIG. 3: Region excluded by GammeV to 3σ for pseudoscalar
particles (solid blue region) and for scalar particles (region
between green lines).
our detector, by reducing the magnetic field strength,
and/or by making the chamber walls less reflective to
reduce Γdec. Finally, at low βγ we are limited by our
uncertainty in the PMT dark rate. At low Γdec, Eq. 5 re-
duces to a constant rate Faft ≈ ǫdetfvolfescFγPpr
2c/ℓtot,
which, for βγ . 5×10
11, is below our detection threshold.
In summary, GammeV has carried out the first search
for chameleon afterglow, a unique signature of photon-
coupled chameleons. Figure 3 presents conservative con-
straints in a model-independent manner, over a restricted
range of chameleon models. Improvements to this experi-
mental setup have the potential to open up the chameleon
parameter space to testability. Hopefully, this work will
inspire others to consider alternative ways to test for dark
energy - in high and even low energy experiments.
Acknowledgements: We thank the staff of the Fermi-
lab Magnet Test Facility of the Fermilab Technical Di-
vision, and the technical staff of the Fermilab Particle
Physics Division, who aided in the design and construc-
tion of the apparatus. We are grateful to S. Gubser
and W. Hu for many informative discussions. JS thanks
the Brinson Foundation for their generous support. This
work is supported by the U.S. Department of Energy un-
der contract No. DE-AC02-07CH11359. AC is supported
by NSF-PHY-0401232.
[1] J. Frieman, M. Turner, and D. Huterer (2008),
[arXiv:0803.0982 [astro-ph]].
[2] R. R. Caldwell, R. Dave, and P. Steinhardt, Phys. Rev.
Lett. 80, 1582 (1998).
[3] B. Ratra and P. J. E. Peebles, Phys. Rev. D 37, 3406
(1988).
[4] C. Will, Theory and Experiment in Gravitational Physics
(Basic Books/Perseus Group, New York, 1993).
[5] E. Fischbach and C. Talmadge, The Search for Non-
Newtonian Gravity (Springer-Verlag, New York, 1999).
[6] J. Khoury and A. Weltman, Phys. Rev. Lett. 93 (2004),
171104.
[7] J. Khoury and A. Weltman, Phys. Rev. D 69 (2004),
044026.
[8] P. Brax, C. van de Bruck, A.-C. Davis, J. Khoury, and
A. Weltman, Phys. Rev. D 70 (2004), 123518.
[9] S. S. Gubser and J. Khoury, Phys. Rev. D 70 (2004),
104001.
[10] A. Upadhye, S. S. Gubser, and J. Khoury, Phys. Rev. D
74 (2006), 104024.
[11] E. G. Adelberger et al., Phys. Rev. Lett. 98 (2007),
131104 [arXiv:hep-ph/0611223].
[12] S. Baessler, B. Heckel, E. Adelberger, J. H. Gundlach,
U. Schmidt, and H. Swanson, Phys. Rev. Lett 83, 3585
(1999).
[13] The “particle trapped in a jar” technique was developed
as part of the GammeV experiment, and independently
realized in [14, 15].
[14] M. Ahlers, A. Lindner, A. Ringwald, L. Schrempp,
and C. Weniger, Phys. Rev. D. 77 (2008), 015018
[arXiv:0710.1555 [hep-ph]].
[15] H. Gies, D. F. Mota, and D. J. Shaw, Phys. Rev. D. 77
(2008), 025016 [arXiv:0710.1556 [hep-ph]].
[16] D. F. Mota and D. J. Shaw, Phys. Rev. D. 75 (2007),
063501.
[17] D. F. Mota and D. J. Shaw, Phys. Rev. Lett. 97 (2006),
151102.
[18] A. S. Chou and others [GammeV (T-969) Collaboration],
Phys. Rev. Lett. 100 (2008), 080402 [arXiv:0710.3783
[hep-ex]].
[19] P. Sikivie, Phys. Rev. Lett. 51, 1415 (1983), [Erratum-
ibid. 52, 695 (1984)].
[20] P. Sikivie, Phys. Rev. D. 32, 2988 (1985), [Erratum-ibid.
D 36, 974 (1987)].
[21] G. Raffelt and L. Stodolsky, Phys. Rev. D. 37, 1237
(1988).
[22] P. Brax, C. van de Bruck, A. C. Davis, D. F. Mota,
and D. J. Shaw, Phys. Rev. D 76 (2007), 085010
[arXiv:0707.2801 [hep-ph]].
